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Satellites 1961 01, 1961 ol]l, and 1962 Bul are instrumented to
supply time data as well as doppler deta. Satellite time markers are

£ &

generated in these satellites by "counting down"the satellite's stable
oscillator and producing s unigue modulating on the doppler carriers each
time & fixed number of oscillator cycles have occurred. The TRANET doppler
receiving stations are equipped to recognize this modulation and to
automatically punch (on the same paper tape that doppler data is punched)
the station's time (WWV) at which this special modulation is received.
After sppropriste calibration, this time data can serve as a secondary

time standard. This report presents the information required to recognize
and process satellite time data and to determine the WWV time at which

the satellites transmitted satellite time markers.

The: report is divided into two sections. first section presents
the basic equations ‘hatrconnect the satellite transmitter frequency, the
station's satellite time data, and the times that the satellites transmitted
the time markers. The second section presents the information required to

recognize, re-rorma&t, and reduce the experimental satellite time data to a

form zpproprizte to the theory presented in the first section.
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I. DERIVATION OF EQUATIONS FOR SATELLITE TIME

This section presents the equations connecting the satellite's
coscillstor frequency, the stations' data when the satellite transmitted
time merkers, and inferred values for the times when time markers are
transmitted relstive to a chosen standard of time. The section is
divided into three sub-sections. The first sub-section presents the
notation for important gquantities which are used throughout this report.
The second sub-section presents the equations to determine the absolute
frequency of the satellite as a function of time. The third sub-section
presents one method for statistically inferring when the satellite
transmitted time merkers. Also included in the third section is a
suggestion for a simplified equation to predict into the future the times

that sagtellite time markers are transmitted for station alert purposes.

A, Notation

*
1. BSatellite Frequency

:R = satellite reference frequency (mHz);
Avs = standard offset of satellite frequency (hz/mHz);
Ty o = standard satellite transmitter frequency (hz),

2

- 6
= IR(lO + Avs);

*
1EBz =1cps., end 1 miz = 1 me.
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estimated satellite frequency as function of
time (Hz);

estimated deviation of satellite frequency
from standard (Hz),

(b - £ o

funciions chosen for expansion of st(t),

n

e’}

b t )s
E Sy uz(t,to),

epoch of satellite frequency equation,

expansion coefficients of deviation of satellite
frequency Ffor the {ug(t,t 1}

I

dat! uﬂ(t',t );

t

¢
experimental determination of the deviation of the
satellite Trequency from its standard, scaled to f,

for the Y-th pass, R (Hz);

time of closest approach of the satellite to receiving
station for the Y-th pass, (sec).

satellite time equation;

number of cycles of satelli%e oscillator (scaled to fR)
that have occurred after t, s)5

o

namber of cycles of satellite oscillator (scaled to fR)
that occur between two successive transmissions of
time markers;
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K = number of satellite ‘ige markers that have been
transmitted since 4. \8/;

0
< . th |, s
%, = inferred time of K™ time marker transmission;
. (B) . . th
t = experimentally measured time of ¥ time marker

transmission;

Int. [X(t)] = rounded integer part of the number X(t).

2
-{
£
(D)
=
4
@
o
%

:tellite Frequency as a Function of Time

Within & few days after successful launch of a satellite containing
steble oscillstors, a standard offset of the oscillator frequency from
exactly one mHz is chosen, This standard offset, Avs, normally remains
fixed Tor the useful life of the satellite. Table I gives the value of

LUS for those ©wo sate currently in orbit which transmit time

ct
=
[~
‘.J-
ct
[¢)]
n

markers.

Sstellite fhz[mHz

1941 ol -35.333333
1952 8ul -77.000000
TABIE 1. Standard Ofifset of Satellite Oscillators
j
£n zcocurate experimental measurement of the satellite oscillator frequency

cgn be oktained during pre-processing of the doppler data by adjusting the

receiving stetion's position to provide the best fit to the experimental
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doppler data. This experimental measurement of the satellite oscillator

freguency for the v-th pass is usually scaled to scme convenient reference

frequency, fR’ and is given as a corrvection term, &f,,, to the standard

Y}

.
satellite frequency, = fﬁ(loo + Av

*8,0 g |
Consequently, letting the time of closest approach for the

-

Y-th pass, tc . te the time associated with the experimental measurement
Y

o

of frequency, 6IY’

freguency from its standard frequency, st(t), can be directly inferred

it can be seen that the deviation of the satellite

from the experimental data, {afy}' Iet the deviation of the satellite

frequency be parsmeterized in the Torm:
8fs(t) = a. 4 uz(t,to) (1.1)

where the uz(t,to) are known functions of the time and chosen to

ccurately represent the variations of the satellite oscillator

[

freguency s & function of the time T, and the frequency epoch, to.

Choosing & convenient epoch; t,, for equation (1.1), a least squares

ctermination Tor the expsnsion coefficients, {af z}:
2

# 1941 oTl datz indicates that for active temperature controlled satellite

oscillators, w;, = 1 and u, (t,£,) =t - t, are adequate for parameterizing

0
the verizations of the satellite frequency, so long as the ambient satellite
temperature remains within the control raunge.

(1)"Orbit Improvement Program", APL/JHU Report TG-LO1.
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F(gf) = nl 29 vy ;f GO uz(tcy,to) - 6fY ¢ s (1.2)
) =} L= ?
2F(s.)
= =0; 4=12,....n,

where n, = total number of satellite passes,

o

provides & method for inferring the satellite oscillator frequency at

v desired time. The statistical weighting factors, w should be

‘Y)

chosen, t0 correspond to an & priori estimate of the quality of the

B

jar

doppler dats snd the accuracy of the satellite orbit used to infer the

experimental {6fY}.

C. Inferred Times when the Satellite Transmits Time Markers

The sztellites considered in this report initiate the transmissions

af time markers by counting the number of cycles generated by the satellite
oscillztor (positive zefo crossings of the satellite oscillator voltage)
and triggering the itransmission each time that the count reaches a
predetermined integer number. Consequently, except for a scaling factor,
the oseillztor Prequency represents the satellite 'clock rate'! and all
that is reguired to determine accurately the times that markers are
tranemitied is to, 1) determine accurately the satellite frequency, and
2) determine one time of transmission of a marker relative to some accepted

standsrd of time (the epoch of the time equation). This section presents
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the informstion reguired to determine the scaling factor for the clock
rate and the equstions to determine the time of transmission of one
time marker, given experimental measurements of the times of transmission
of time merkers relative to an accepted time standard., In addition,
this section presents the equations necessary to check the station
clock of any receiving station. Finally, this section presents one
form of & siwplified equation that is convenient to use for extrapolating
merker transmission times into the future to an accuracy sufficient for
station slert purposes.

Iif Ns(t) is the number of cycles that the satellite oscillator
(scaled to f,) has generated since some epoch, then the change in Ns(t)

over g shori time interval can be used as a measure of the satellite

Ns(t + %) - Ns(t)
= = (%) = f5,0 afg(t), (1.3)

ficient accuracy, Ns(t) can be represented by:

t
Ns(t) = Hs(to) + fS’O(t - to) + _, at* afs(t'). (1.4)

%

Iet NC s e the number of cycles generated by the oscillator between
b

two successive time marker transmissions, (again scaled to fR) and let

H.(%) T t
Ks(t) = —WS = KS(to) + —2—-NS 0 (t - to) + -——-—Nl fdt' afs(t')
°c,s c,s ,S
t
0

(1.5)
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Finally, if the epoch for Ns(t) is the time, tés), that a marker was
trensmitted, the time thet the Kth time marker is transmitted, tk, is

determined by the equation:

Integer K = Ks(tk)

t
£ k
- fax S,0 . , 1
i) + =2 (5, -6 [ avegg(s),  (L.6a)
c,s c,s
t
0
with the boundary condition that:
t(s)
£ 0
- W = x S°O _._(S) 2 l t H
0 = Kg(z,) + %, (55> - tp) + 57— f at' arg(t!). (1.6B)
.S c,s
tO
Combining eguations (1.6),
. Ss0 .. (s
k= i (T’v- - t’é ))
%o s %
- (s)
[k %o
o [ [ ast rg(t’) - at' srg(t')| , (1.7)
¢,s J
o %

Finzily, substituting equation (1.1) of the previous sub-section

into eguztion (1.7),and letting:

T

sz(t:to) = ¢oav U.Z(t,t )J (l.8A)

e}
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then
£ N
¢ = 220 (s) 1 (s)
R A (6, - %5 ) + W3 oZ) 8, alve(bt) - veleg™ ie)] (1.88)
’ 2

Teble I in Section I.A. listed values of Avg from which T can be

S 8,0
ezlculated. Tsble II, given below, lists the values of NC s for the three
)

setellites of interest in this report. Assuming that the frequency epoch,

0

to, hes been chosen and the values of the frequency expansion coefficients,

8. g2 have been inferred from doppler data as discussed in section I.A.,

there remein in eguations (1.8) only three possible unknowns: K, t

(s)

, Or to .

k
It can be seen that if any two of these three are known, the third can be

found from the szbove squations. Three cases are now discussed, the case

numper depending wpon which of the three variables is considered unknown.

Setellite No g8t 3 miz.
1961 ol 100712448
1961 oFL 67092480
1962 Bul 268435456
TABIE 11, MNumber of Oscillator Cycles Occurring between Time Markers
Case 1: The Wumber of the Time Marker, K, is Unknown.

From the numbers given in Tables I and II, it can be seen that
iwo time markers can not occur more frequently than about every 20 seconds.
Conseguentiy, given an approximate time of transmission of a time marker,

tiﬁ), znd en zpproximate vzlue for the time of the zeroth time marker



The Johns Hopking University
AFPLIED PRYSICE LABSRATORY
Silver Spring., NMatyland

- 10 -

transmission, tés), (epoch for time equation), both accurate to within

(E)

a few seconds, the value of the integer K corresponding to tk is
uniguely given LYy
55,0 ( (&) _ ,(¢) o (=) (s)
- S,0 K s 1 E s
W o= SN Pt - —_———— -
& Inu[ NC a (tk tO )+ NC g ﬂ§l afgﬁ(vﬂ(tk ’tO) vﬁ(to ’to)ﬂ’
had > -

(1.9)

where Int ' ] vepresents the rounded integer part of the quantity contained

in the bracket.

Case 2: The Inferred Time, tk’ is Unknown.

(s)
0

valuwe Tor the time of transmission of a time marker,

Given an accurate value of the epoch, t , and an approximate

()

Kk’ the corresponding

integer X can be found Ffrom equation (1.9). Then, the inferred value, t
e o as (B
o o(®

k’

wnrich lies ciosest © can be found from the equation:

n
y f
s 1
¢, = téD) PRI QU W a g [vy(t,t,) - vz(tés),t )] (1.10.
- *s,0 *8,0 4=1
This is z transcendental equation in the unknown tk' However, the
contriducion of the sum to equation (1.10A) is so small that an iterative
orocedurs comverges very rapidly (about two iterations). Let tim) be
the resull edter m iterations. Then:
n
y T
a1 s 1
(m1) _gle) 08 .l 1o Tv,el™ ) v (880,807,
= °8,0 5,0 4=1 7’

(1.10B)
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where

k :

£{0) _ (8
N
Case 3: The Epoch, tés), is Unknown

The solution for tés) is the most laborious of the three possible

cases. Since, given experimental data on the times of marker transmissions,

(s)

O 2

is case is discussed in wmore detail. The detailed procedures presented

it is most iwportant to obtain an accurate estimate of the epoch, t

&

here are those that have been programmed by The Applied Physics Laboratory
reve proved Lo pe adequate.

Clearliy, if an zpproximate value for the epoch 1s known, an
iterative procedure analogous to the one given for Case 2 can be used.

(s)
0

Furthermore, even if the starting value for t© in the iterative procedure
is grossly in error, the contribution of the sums over the functions,

T )}, is s0 smell that the iterative procedure still converges

s, it has been found that obtaining an accurate

so that the iterative procedure is efficient, is
not The principzl provlem. The greatest difficulty is in determining

2ta is spurious so that only valid data is used in the final

compucatiocn for Because of this, the obvious procedure of choosing

(s)
0
the epoch to be near one of the experimental data points does not

necessarily decrease computing time.

(s)

o to be close

it is very convenient to choose the epoch, t
ic the epoch for the frequency equation. In the APL programs, the epoch

for the freguency equstion is chosen to be identical to the epoch for
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the satellite orbit. Using this epoch as a starting value for the

N

procedure to determine ©

(s)
0

insures that all epochs remain near each

other in time - an obvious sdvanbtage from the standpoint of "bookkeeping'.

In detail, the APL prescription for determining the epoch,

()

N is the following. Given,
téE), K=1,2, ......
Wy k=1, 2, . T
Tgs
Set:
t(s:o) = T.v
0 0
where (sm) is the
COmpULe
Lﬁo) _ Wszo (tf{E)
- “C,8 i
0o
. £
: = v
- T o
%c,8 g
0 _ 1ng 107,

m-th iterative result for to

experimental time data,

a priori statistical wts,

epoch for frequency equation.

(s)

For every data point,

- t(()s)o)

a5 [rg(el™ 60) - vylto, €0)],

(1.114)
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Then, for every data point, compule:

o

N
(s,1) _ (s 0) C,S e
N = %, + —= T W (kh - Kl)

Ts,0 x=t X
2 T (s,1) _ (s 0) Noos (0) _ (o) 2
o, = kZl Wh[to By 000 - —gg*g‘ (Xl ) I°. (1.118)

. - R . s RN
This equation provides & good starting value for té ), providing that only
a small percentage of the time data points are spurious. The normal
iteration loop is given as follows.

Compute just once more, for each data point
10 ) )

e ®) _ 4(s,0
T [ %,s (o o)

+ Ncls sz e, z(vz(t(E), t,) - vz(t(s ) g ))] (1.128)
k=121, 2, -Dp;

i

/;_t(s:m) = T,(E) _ ;G(S,m) _ CZS
~70,k k 0 fs’o
i ar z(Vz(t(E): tg) - Vz(t(s m),t ), (1.128,)

'S ,0 4=1
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g,
v aglsm)

L(S,m) k=1 Kk 70,k

sy = s (1.128,)
By 2

2 W,
k=1 *
O
4
Y W [At(s’m)]a
2 R= l ' O » k
Oy = o s (1.1233)
Z ' W,
=1 K

[Até 3 <94, (1.12¢)

to(s:m+l) = tés’m) + Atés’m) . (l.lED)

(s,m)

o becomes less than 10~

Brezkout of the iterztion loop occurs when At
seconds and the number of valid data points has remained constant for two
(s)
0

Hewving inderred & value for the epoch, t , any experimental

dzta poimt can pe checked by using the procedures shown in Cases 1 and 2.
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The procedures of Case 2 can be used to compute an ephemeris of
times when time markers are transmitted and can be used to extrapolate
time marker btrensmission times into the future. However, for transmittal
of time ephemeris data from one agency to another, the following sbnplified
equaticn for providing time mavker transmission times is convenient.

The form of the equation is chosen to be

Lo a(8) .
S =Yg +ClI\+C2K2

where the constants C1 and C2 are chosen such that the t, as computed

k
by this equetion ggrees to suificlent accuracy with the more accurate

sgustions given vreviously. Experimental data from 1961 o7l indicates

this form will remein wvalid for over one week to an accuracy greater
than 10 milliseconds. Conseguently, such an equation is ideal for

urposes.

Satellite time data for any one satellite pass, as punched on

zp=r taps and received at the Satellite Control Center, is interspersed

o]

with the doppler data for the same satellite pass. This section presents

()

the informeticn reguired to differentiate between doppler and time data

points, and to reduce the experimental time data to experimental times,
(®E) . . . . . . *

s wnen the gppropriate satellite transmitted satellite time markers.
p-<Y
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A typicsl doppler data point, when punched on TWX paper tape,

has the formatb:

CL XXX YYYYYY
where

C = TWX carriage return
L = TWX line-feed
XXX = tu

= First 5 TWX characters (integers) denoting the
station time of the p-th doppler data point, (sec).

YYYYYY = Tp

= Last 6 TWX characters (integers) denoting the
doppler period count, (microseconds).

When & station is taking satellite time data, any arbitrary
doppler datz point can be suppressed and replaced by a satellite time
dava point. The format of the satellite time data point can be in

either of iwo different formats, depending upon the type of timing

(]
9]
£
1]
3
ck
.t
5
w
pet
[\Y]
|-
|~
1]
jel)
1

n the static For identification purposes, these

two formais will be denoied as APL or NOTS format. They are:

AP, Format NOTS Format
i CL 9ZZ77 X220 CL XXXXX 00ZZZ7Z
where
C = TWX carriage return

L = TWX line-feed

LK = t
i
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(Formst cont'd.)
= 5 TWX characters (integers) giving the integer part
when the satellite time mark is received, (sec).

Z20L = A
Th

L TWX characters (integers) giving one correction
to be applied to %, (tenths of milliseconds).

With either format a satellite time data point can be uniquely
identified when interspersed with doppler data because the TWX 9 in the
APL Format and the first TWX O (zero) in the NOTS format are illegal
characters for & doppler point. The following flow chart is an
exemple of & testing neitwork to correctly identify each data point.

Upon identification of a satellite time data point, the
TWX C and L should be deleted, the remaining 11 TWX digits appropriately

unpacked, and transformed from BCI to the two floating point numbers.

= integer part of satellite time in seconds

L

AT = correction For satellite time in units of 10~

seconds.

The reconstruction of the time (WWV) that the satellite
transmitied & merker is given below. This reconstruction also depends
upon the type of station equipment (APL or NOTS) and, if obtained from
APL type eguimment, further depends upon the satellite transmitting

Tthe iime marker. .
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(‘ NOTS TYPE

_NO

Process as
{OTS

& Sat. Time

Data Point

STATION?

Data Point

Process as
Doppler No
Data Point
Delete-
. No
Spurious P

Yes

Is Last
TWX digit a
zero?

Yes

Process as
APL
Sat. Time
Data Point
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A, Reconstruction of APL Type Time. .

€2 B O -4 (s)

by = [uu - 141077 AT - b 1+ Aty - O%. (2.1)

Wher%
téE) = time (station's estimate of WWV time) at which time
marker transmitted (sec),
tu’ATu = defined above,
tés) = delsy time in station time gear for the s-th
satellite (sec),
%, = station clock correction given in data header (sec),
Mg = transmission time from satellite to station (sec),
ang whers;
Satellite Value of tg (sec)
1961 ol 3.27692 x 1072
1961 oMl 1.66406 x 107°
1962 el 0.0

B. Reconstruction of NOTS Type Time

-b
- 1 - -
10 ATu AtD] + AtH At

—
(]

St
|

=

ct

+
'_I

TR (2.2)
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where

tiE) = time (station's estimate of WWV time) at which time
marker transmitted by satellite, (sec),
%, , AT, = defined sbove,
At = station clock correction given in data header, (sec),
AtD = NOTS station delay time

t.., = transmission time from satellite to station, (sec).

Bouations (2.1) and (2.2) define tl({E) which is the stations best estimate
of the time (WWV) that a satellite time mark is transmitted from the
satellite., Typically, from one to fifty such times can be received

during a singie pass. Currently tD Tor the NOTS type time is zero.
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